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Prepare the Quark Soup

Particle Multiplicity Azimuthal anisotropy
« Collision impact parameter of the ions * Early thermalization <1 fm/c
« Energy density of the medium * Shear viscosity

* Fluctuation of v, coefficients
from particle azimuthal correlation:
Initial-state geometry fluctuation

Quark Gluon Plasma
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Beyond the Analysis of Debris

* How does the strongly interacting medium emerge from
an asymptotic free theory (QCD)?

« Can we see guasi particles (quarks and gluons) in the
Quark Gluon Plasma ?

Quark Gluon Plasma
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Beyond the Analysis of Debris

* How does the strongly interacting medium emerge from
an asymptotic free theory (QCD)?

Start from “un-thermalized” objects and see how
they are thermalized in the Quark Soup

« Can we see guasi particles (quarks and gluons) in the
Quark Gluon Plasma ?

Shoot colored objects through the QGP

Quark Gluon Plasma
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Open Heavy Flavor in pp collisions

 Important test for QCD: FONLL, GMVENS ...
« Constrain proton parton distribution function

« Baseline for pA and AA collisions

5 BROOKHIAEN

NATIONAL LABORATORY

H
III|| Yen-Jie Lee (MIT) Open Heavy Flavor at the LHC



DO p- Spectra in pp at Low p-

. Atvery low p; (<3 GeV): JHEP 1603 (2016) 159
data sit in the FONLL uncertainty band Erratum: JHEP 1705 (2017) 074
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arXiv: 1702.00766
Submitted to EPJC

« LHCb data could be used to constrain proton gluon parton density functions in x<104
(The uncertainty in pp exceeding 30% at Q=1.4 GeV (charm mass))

data sit at the upper edge of FONLL band
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D* and D° p; Spectra in pp at High p-
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« Good agreement with GM-VFNS pp at 5.02 TeV

« At high p; (>20 GeV): data sit at the upper edge of
FONLL band or slightly higher than FONLL
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B* p+ Spectra in pp

ATLAS B* at 7 TeV, |y|<2.25 @ arXiv: 1705.04727
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« B* spectra in both collision energies described by FONLL
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Open Heavy Flavor in pp collisions

* Important test for QCD: FONLL, GMVFNS ...
 Reasonable description of the LHC data
« Constrain proton parton distribution function
* High precision LHCb data: constrain low x gluon PDF
« Baseline for pA and AA collisions
* pp reference at the same collision energy as pPb and
PbPb collisions become available
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Open Heavy Flavor in pPb

p Pb q 1.6 T TITIIIII T T T TTITIT T IIIIHI] T TTT

1.4
12 F
1.0 | RN
0.8
0.6 — EPPSI6!
04 7 e EPS09 %
0.2 |- s DSS7,
0.0 Lol Lol Lol Lola
10" 107 10° 10
T

T HR

(z,Q? = 10GeV?

Pb
g

R

1

* Test nPDF universality assumption
* Constrain nPDF and test of the gluon saturation models

 Other cold nuclear effects such as E .., multiple scattering
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DO R, at 5.02 TeV
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* ALICE R, data are consistent with 1 within the % 2 4 6 8 10
quoted uncertainty: No Sizable Modification in pPb . New results from LHcbt PrG€V/el

» Need to improve the accuracy by a factor of 3-5to - High precision RpPb which could

be able to separate different models contribute to the understanding of the

gluon PDF
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D® meson Ry at 5.02 TeV

LHCb D° forward (F, shadowing) and backward (B, anti-shadowing)
ratio as a function of p; and rapidity
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« LHCb D° Ry : deviate from 1 significantly

 Consistent with NLO calculations that include EPS09 nuclear PDF —.¢

(at the edge)
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D® meson Ry at 5.02 TeV

LHCb D° forward (F, shadowing) and backward (B, anti-shadowing)
ratio as a function of p; and rapidity
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« LHCb D° Ry : deviate from 1 significantly
« Consistent with NLO calculations that include EPS09 nuclear PDF
(at the edge) <« Similar to the observation from CMS dijet analysis in pPb
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B* and b—e Rppp at 5.02 TeV

PRL 116 (2016) 032301 arXiv:1609.03898
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* CMS fully reconstructed B mesons and ALICE beauty electron R, ~ 1
« No sizable modification with respect to pp
« Need much higher accuracy data to constraint nPDF or separate models
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b—J/p and b—e Rpr at 5.02 TeV

CMS, ! PRL 116 (2016) 032301
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 CMS non-prompt J/yp shows the modification in pPb < 10%
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Open Heavy Flavor in pPb
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* Test nPDF universality assumption
* No clear indication of universality violation

* Constrain nPDF and test of the gluon saturation models
« Data consistent with predictions from saturation models and
calculations with nPDF
* Not accurate enough for constraining the nPDF
 Other cold nuclear effects such as E .., multiple scattering
* Need high accuracy data to separate theoretical models
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Open Heavy Flavor in PbPb

Run: 244918

Time: 2015-11-25 10:36:18
Colliding system: Pb-Pb
Collision energy: 5.02 TeV

 Difference between PbPb at 2.76 TeV and 5.02 TeV?
« Flavor dependence of parton energy loss?

» The role of shadowing effect?

« The role of collisional energy loss?

* “Thermalization” of charm and beauty
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D meson Raain PbPb
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» Similar suppression in PbPb at 2.76 and 5.02 TeV
« CMS DO R,,: established a rising trend vs. D° p;

102
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D and HF muon Raa In PbPDb
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» Similar suppression in PbPb at 2.76 and 5.02 TeV
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D R, VS. Theoretical Models
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D° R, Seems to favor calculations that include: Ry, VS p. phase space
. . . . . AA T =
Both col!lsmnal an_d radiative energy loss . Time to rule out some
« Shadowing effect in nPDF “theatrical models”

 Models almost fill the full
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Beauty Suppression

Significant suppression of B mesons and non-prompt J/y

arXiv: 1705.04727

CMS ! .
» 1 Submitted to PRL
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« Consistent with various models
Not accurate enough to extract detailed
underlying mechanism from models

Similar suppression between CMS 2.76 TeV
and ATLAS 5 TeV results
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Flavor Dependence of Ejess at 2.76 TeV
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Flavor Dependence of Parton Energy Loss
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The Life of Charm Quark In the Soup
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-0. 05:— Filled box: syst. from non-prompt D° —: -0.05
Open box: other syst. i
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The Life of Charm Quark In the Soup

VE 30-50% | % 30-50% -

02w T 1 ogf -

ot : - ht :

0-15{'3&H V2 — 0.15 h V3 -

N E% - - o -

> - j@f 1 > - ™ -

N J@F h n - [ -

0.05[ DO - [@ Et 0.05_—“‘”% -

- ] B DO

—0.05:— Filled box: syst. from non-prompt D° —: —0.05:— Filled box: syst. from non-prompt D° —

N Open box: other syst. ] B Open box: other syst. ]

_0 Cov b b b b b b b o _0_7 pa v b b b b P Py gy
b 5 10 15 20 25 30 35 40 b 5 10 15 20 25 30 35 40
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« Atlow py: DY v, signal is significantly lower than that of charged particles
At high p¢ D° v, = charged particle v,, consistent with O

CMS-PAS-HIN-16-007
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DO v, compared to light hadrons

= 02} —
C i Pb+Pb 30-50% ALICE 2.76 Te\.f:
:C\l i O KS i}
. 0.15 |- O p+p —
) - - -
© i A A+A :
g 0.1 Q1. 0 © -
s W e ﬂﬂ:é [F . :
- / fim . _
& 0.05 |- § ; ‘L* £ (h
@ ﬁ ® D°@5.02TeV CMS i
S 0 . -
< - ® D" @5.02TeV ALICE -
- | i i | | -

0 0.5 1 1.5 2 2.5

(m, - mg) /n_ (GeVic %)

. .
D v, seems to fall on the trend of light flavor Xin Dong (QM2017)
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Open Heavy Flavor in PbPb

Run: 244918
Time: 2015-11-25 10:36:18

Colliding system: Pb-Pb
Collision energy: 5.02 TeV

« Difference between PbPb at 2.76 TeV and 5.02 TeV?
* No significant difference in R,, (in both HF and light flavor)
* Flavor dependence of parton energy loss?
« Clear meson flavor dependence of R,, at low p;
* The role of shadowing effect?
* Model with shadowing seems to give a better description of D° data
« The role of collisional energy loss?
* Need higher accuracy data / other observables

« “Thermalization” of charm and beauty
« Significant D° v, and v, signal, indication of (partial) thermalizaton of charm
 Need more data to conclude for beauty

Illil- Yen-Jie Lee (MIT) Open Heavy Flavor at the LHC 27 BROOKHRUEN



. Q ATLAS-CONF-2017-006 -
emerge from an asymptotic free theory = p+Pb 52816 TeV, 171 nb” !
(QCD)? 0.1~ 0.5<p?<5 GeV ai

 Origin of charm meson v, (and v3)? : cEpRERE e s g

* How do they get “thermalized”? i | | 1 { ]

* How does the azimuthal 0.05/~ [l : {= [ :J i i
11

(Unanswered) Questions

 How does the strongly interacting medium

anisotropy of light flavor “transfer’

T T T T I T T T T
- ATLAS Prelimina

e

l T T T T l T T T T [ T T T T I T T T T

(B

0.5<p‘T’<5 GeV (h-h Correlations) |

? - ATL
to charm mesons” Killrit | 4<p<6 GeV (- Correlations) |
* Does _beaUty qu_ark flow? % B0 f00 150 200 250 300
« What is the origin of the HF muon v, Ngy
signal N pr collisions? 025CMS PbPb |5, = 2.76 TeV
. LS AL SRS BRI I LY A
s 02 | | | ' _ - Nonprompt J/y  Gent. 10-60% 1
c Pb+Pb 30-50% ALICE 2.76 TeV - + e
o oK ] - 16 2.4 2.4 ]
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(Unanswered) Questions

 Extraction of the medium property: & et ey tev ]

. . ) 1.6 - ]

 What is the role of shadowing effect” L Prompt D mesons, -0.86<y_<0.04 |

« What is the origin of the meson flavor o T Average D DLDT

dependence of R,,? I I

* The role of recombination ==k

* Need stronger evidence of collision energy ] E

. . . . 0.6 N .

loss and pin down the relative contribution of o e :

.. . . 04 ujii-Watanabe —

collisional and radiative energy loss 5250000 R wih OTEGEMEPSIO POF

. . . 02_ """ itev et al.: power corr. + - road + 0SS —

* Why is the hidden and open charm suppression so o ereta et e setorny
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:CMS * charged hadrons Jy| <1.0 m§ 1-4__ Hidden charm: prompt J/y . Q : AUICE Pfé“minalfy l I ; IyI<IO.5 i
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1-2__ \ + nonpromth./Lp1.6<\y|<2.4(2.76TeV) 12; Open charm: prompt D (ALICE) 7: 12:— * pp, G=7T8V, s ~
i TAA+“-JmL *  nonprompt J/y ly| < 2.4 (2.76 TeV) i 5 6<pT<12 Gevie, lyl < 0.5 i 2
uncertainty 1: : 1:_ _
O.SEH 1 osf I ]
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Projected Performance on D R,
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High precision measurement with 2016 pPb data
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Projected Performance in 2018 — Run Il

(5.02 TeV pp) + (5.02 TeV PbPb) 05 (5.02 TeV PbPb)
- ® Charged hadrons ~L
1.6 CMS _ (b, <50 GeV), 1.0 nb” - CMS 1.0nb™
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DR 44 2 15% 0.5-1 10%
D.R s ~ 4 20% < 4 4%
AR an 10 > 20% < 10 4%
B — DRAA 6 20% 2 10%
BH(D'7)R 44 Not accessible ~ 4
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D%, (= 0.06) 1 80% 05-1 18%
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Acvy Not accessible ~ 6 (Yen-Jie’s gestimation)
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Future Direction

- Entered the era of precision measurement for open charm
« Explore open beauty measurements
* Moving toward fully reconstructed D and B mesons which carry full
iInfo about the open heavy flavor hadron
« Continue to improve the precision of spectra measurements and
perform stress test on the models

 Employ new experimental tools
* D-hadron and DDbar correlation
* D v, —hadron v, correlation in engineered events
« Jet-D correlation and fragmentation function
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ttbar production in pPb collision

CMS Experiment at the LHC, CERN e b Jet
Data recorded: 2016-Nov-19 06:44:18.053352 GMT

R Event / LS: 285517 / 20676707 14 /
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b-jet 4,
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Backup slides
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DD and DDbar correlations

DD and DD correlations measured by LHCb at 5.02 TeV
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DD correlation show an enhancement with respect to DD correlation at low Ad
consistent with consistent contribution from gluon splitting
CC pairs produce by gluon splitting processes
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HQ production as a function of multiplicity

_IIIIIIIIIIIIIIIIIII]IIIIIIIIIIIIIIIII!IIIIIIIIII_ Strong dependence Of D meson
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b-jet nuclear modification factor in pPb

pPb 35 nb”" (5.02 TeV)

||||||||||||||||||||||||||||

CMS b-jet Rpain bins
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D meson RAAat 2.76 TeV
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Raa of heavy flavour muons

Raa of heavy-flavour muons at 2.76

ALICE Raa of heavy-flavour muons

at 2.76 TeV and 5.02 TeV TeV from ATLAS

L peT T Ty [ A A P ]
1 < - Pb- i 1 = reliminary _
T 1.8 E 25<y<4 ALICE Preliminary E o ! \/S_NN _ 276 TeV :
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Frecise measurement or H- muons at low

PT

Same suppression observed at the two
energies

Yen-Jie Lee (MIT)

ATLAS-CONF-2015-053

Clear suppression pattern
observed as a function of
centrality
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Heavy-flavour muons at 2.76 TeV

> L 1 & oi-  4<p <45GeV ’
& 30-40% - ! i
0.05 { { 1 005 ATLAS Preliminary 7
- 1 - \'Syn =276 TeV =
] I 2011 Pb+PbL,_ =0.14nb™"
. . o -
4 6 8 10 12 14 60 50 40 30 20 10
pT (GeV/c) centrality [%]

ATLAS-CONF-2015-053

Positive v2 for muons from heavy-flavour decays (b+c) at LHC:
« include the contributions of beauty to v2 that is currently unknown
« v2 of heavy flavour muons < vz (D% from ALICE

— indirect indication of v2(b)<v2(c)?
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B production at low p-In pp

-JHEP 1308 (2013) 117
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Flavor Dependence E .. at Higher pr

166 ub™' (PbPb 2.76 TeV) :
:é 1.2_6M|S||r|||r||l[|||r|||r|||r||_ b_Jet RAA
O - - . . .
S 1* e Inclusivejet R (0-5%) Ii<2 - Inclusive jet Raa
S - —=— b-jetR (0-10%) Ii<2 ]
S 08 - _
= i I PbPb Lumi. Unc. ) 9 b
© i i B
§ 06? .TMUHC. . . ° [ ==
- i [ ] . = j b
©
Q - . -
© 04 + % { 1 - b
ER "Iy : 9 0
021 - NLO process: Gluon splitting ~20%

: _.dominant at low opening angles

O|...|.|||I|.|.|||..||.|||.|.|

0O 50 100 150 200 250 300

P, (GeV/c)

PRL 113 (2014) 132301

Same suppression for b-jets and inclusive jets at high pr
Mass difference negligible at high pr
_Large contribution of gluon splitting processes? In GSP case, we
are not measuring the b-quark Eioss but to some “fat” gluon Ejoss
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B Dijet pr Asymmetry

— In back-to-back events bb production via gluon splitting processes
IS negligible
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X3 distributions of b dijets significantly modified in central PoPb collisions!

Yen-Jie Lee (MIT)
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B Dijets vs. Inclusive Dijets

25.8 pb™' (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)
_II|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIII
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Same average asymmetry
observed for inclusive jets!
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There is no significant difference in the suppression of inclusive and b-jets
even after excluding the contribution of gluon splitting processes
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